The hypothesis of v. Weizsacker is an entirely natural extension of current views regarding the emission of quantum radiations by nuclei, applied specifically to the case of a nucleus in its first excited state. Clearly, from such a state of excitation, the only possible radiative transition is to the ground state of the nucleus-and theory indicates that the probability of this transition depends chiefly upon the amount of energy involved and upon the change in nuclear spin quantum number as between the two states of the system, v. Weizsacker pointed out that if this energy difference is small, and if the spin change is considerable, very small transition probabilities are to be expected.* He showed that, even when other modes of de-excitation, such as the " mechanical" intervention of an extranuclear electron, were taken into account, the same result held good. Numerical values, given for Z (atomic number) = 27 and Z = 64, suggest that the effect should not vary much with nuclear charge. For a first excitation level at 5 x 104 e-volts energy, for example, in each case (Z = 27 or 64) a spin difference of 5 quantum unitsf was found necessary to ensure a y-ray transition probability less than 10-5 sec.-1 (half-value period greater than 20 hr.). It is interesting to remark th at the same suggestion of metastable states of nuclei has been developed, on the basis of the liquid drop model, by Bet he (1937) with numerical conclusions very similar in almost every respect to those quoted above. On this model, however, the dependence of y-ray lifetime on nuclear charge number is, if anything, even less pronounced than before, and the spin changes necessary to ensure a specified long lifetime are slightly smaller. Bethe also suggests, on a comparison of the theoretical ideas involved in each case, that pairs of nuclear isomers should be about as frequent in nature as pairs of stable isobars having consecutive charge numbers.*
The question of the first excited states of the heavy nuclei may be considered from the experimental point of view, also. Here Hulme, Mott, Oppenheimer and Taylor (1936) have already noted certain regularities. In the level schemes proposed to account for the y-rays and the a-particle fine-structure groups from the radioactive elements they have recognized two types, one characterized by a first excited state of quite high energy (F1> 6 x 105 e-volts), the other by a first excited state not far removed from the ground state of the nucleus. It is possible to extend their list of nuclei having level systems of the latter type (Table I) It will be observed that in all the above cases the nuclear charge number (Z) is odd and the nuclear mass number (A) even.f The remaining heavy radioactive nuclei of this type are mesothorium 2 and the supposed isomeric pair uranium X2-uranium Z. Evidently if, following v. Weizsacker, we need to assume that the nucleus of this latter species (Z 91, 234) has a first excited state very close to the ground state, we shall merely be extending a regularity which is already clearly established. Indeed, there is good reason to suppose that this particular regularity will in fact be further exemplified when the radiations from mesothorium 1 have been successfully studied and information obtained regarding the possible states * Seven such pairs of isobars are a t present believed to occur am ongst stable nuclei (see B ainbridge an d Jo rd a n 1936).
f Nuclei for which b o th Z an d A are even provide exam high-energy first excited states (thus in th e form er category occur 86R n 222, 184e-kV; 90R d T h 228 , 58e-kV ; 88T h X 224, 86e-kV), b u t when Z is odd and A even the first excited sta te of th e nucleus appears always to be low-lying. (The statem ent of H ulm e, M ott, O ppenheim er an d Taylor th a t radioactive nuclei of the la tte r class are those of odd mass num ber is clearly a m istake.) A m ongst existing stable nuclei, it will be rem em bered, this class is rem arkable from another point of view-being represented by four species, only (H 2, Li6, B 10 and N 14) . of excitation of the product nucleus mesothorium 2 = 89, 228). In this case the sequence of disintegrations is as follows:
Th i MsThj 4 MsTh2 4-RdTh ThX
Let us consider the changes in nuclear spin quantum number required by existing data regarding these transformations. For the a-disintegrations there is no reason to postulate a change of spin (as between ground states) in either case-in spite of the occurrence of " fine-structure " in the aradiation from radiothorium.* We assign, therefore, quantum numbers 0 to the ground states both of MsTlq and of RdTh. On this assumption the spin of the ground state of MsTh2 is given from considerations of the fi //-radiation emitted in the disintegration MsTh2 -> RdTh. It will be seen by inspection of fig. 6 (to be discussed in greater detail in § 6) that to explain the partial /7-particle spectrum of highest energy in this radiation we must postulate a spin difference of 2 units (or even more) between the ground states of the initial and final nuclei {vide infra). It is then necessary p to discuss the disintegration MsTlq -> MsTh2 on the assumption of a spin difference of 2 units between ground states, also. Now up to the present no radiations have been observed in this case, the disintegration constant (3-3 x 10~9 sec.-1) being known only from the rate of growth of radiothorium in initially purified thorium. We shall examine, in turn, the assumptions, first that the transformation to which this disintegration constant refers (assuming for simplicity that only one mode of disintegration need be considered) is a " once-forbidden" transition-and then that it is " allowed" . On the former assumption, that is assuming transition to the ground state, we conclude (from fig. 6 ) that the disintegration energy is about 2-9 x 105 e-volts on the latter (transition to some other state) the corresponding energy is less in the ratio 1 : 10. The mere fact that the particle radiation has not been detected (presumably on account of its small energy) is thus strongly suggestive that the latter supposition is correct. But this is seen to imply that the //-particle disintegration of mesothorium 1 results generally in an excited mesothorium 2 nucleus. The additional fact that no strong y-radiation has been observed is then evidence for the small excitation energy of this state, or for its long * Calculation shows th a t th e p artia l disintegration constants for th e low-and highenergy com ponents of this radiation differ by a greater am ount th a n corresponds to th e energy difference betw een them . It is to be supposed, therefore, th a t th e change of spin q u an tu m num ber occurs betw een th e ground state of radiothorium and th e first excited sta te of the subsequent product, thorium X. lifetime,* or both. Even if it were supposed that transitions to the ground state and to the first excited state of mesothorium 2 were equally probable we should still obtain an energy separation of the two states no greater than 2-3 x 105 e-volts on the basis of fig. 6 (partial disintegration energies 2-5 x 105 e-volts and 2*0 x 104 e-volts, respectively). Empirically, therefore, there appears to be the strongest evidence for low energy excited states in all heavy radioactive nuclei for which Z is odd and A even, and, consequently a good case for the assumption of such a state as a basis of explanation of isomerism in the nucleus uranium X2-uranium Z. Certain consequences of an explanation on this basis may now be discussed.
The important consequences of the hypothesis of metastable states were indicated in the original papers of v. Weizsacker (1936) and Bethe (1937) : they are concerned chiefly with the energy balance in the disintegrations. Here we may consider them, formally, as follows. Let A0, A1 be two isomeric nuclei, Ay representing the higher (metastable) sta positive energy e. Let it be supposed that the same type of disintegration occurs with each isomerf and let B be the common product nucleus. Let J50, By, ... denote the ground state and successive excited states of this nucleus. Then, because of the difference in spin between A0 and Av it is unlikely that the transitions A0 -> B0, -> B0 represent in each case the most probable mode. Rather, it is much more probable that in one case transition to one of the (lower) excited states of B is favoured by the selection rules-or it may be that the radiative transition A1 -> A0 is also important. If this is so, then part, at least, of the radiation from must be of the same quality as that from A0 (and the particle radiation from a fresh preparation of A1 is not likely to decay strictly according to the simple exponential law); even if it is not, more than one possibility still remains. As most probable disintegration modes we may have (a) A0 -> Bq, Ay -> Br, or (6) A0and in either case if r (or s) = 1, and if the first excited low-lying state (excitation energy e'), again differences of disintegration * T h at is, a lifetim e no t sm aller by m any orders of m agnitude th an 6-13 hr., th e half-value period of m esothorium 2 for //-transform ation-though certain experim ents of W iddowson and Russell (1925) m ake it already unlikely th a t such a y -ray lifetime could, in fact, be greater th a n 3 min.
I C ertain experim ental evidence (Pool, Cork and T hornton 1937) indicates th a t this is n o t always th e case-b u t it does not appear th a t any fundam ental difficulty is introduced if different types of disintegration (e.g. electron and positron emission) have to be tak en into account. particle energy will not be large (| e -e' | or e + e'). Moreover, if Bx is very low-lying, it is likely that it will also be metastable: as v. Weizsacker pointed out we may expect sometimes to find two parallel disintegration series of which corresponding members constitute isomeric pairs. If Br (or, alternatively, Bs) is not a low-lying state (energy excess given by then according to either possibility, (a) or (6), there will be considerable differences between the radiations from and A v If E represents the disintegration energy for the transition A 0 -» B0, the alternative most probable modes are as follows:
(a) from A 0, particles of energy E ; no y-rays;
from A v particles of energy rays of total quantum energy yr; (b) from A 0, particles of energy y-rays of total quantum energy ys. from A v particles of energy E + e; no y-rays.
It will be noticed that, when y-rays are mentioned, the expression " total quantum energy" is employed. This is to draw attention to the fact that, since the radiative transition Br s -> B0w ill gene account of the large difference of spin likely to exist between these two states,* the emission of at least two quanta in succession is the most probable de-excitation process.
We may sum up the conclusions of this section, then, by the statement that the radiations from two isomeric radioelements may either be similar or quite dissimilar, according to the energies and angular momenta of the possible excited states of the product nucleus. In this connexion some of the simplerf of the many possibilities have been treated in more detail.
E xperimental study of the radiations from uranium Z
Up to the present the only important investigation into the radiations from uranium Z has been that of Walling (1932) . Two strong sources (uranium Z corresponding to about 10 kg. uranium element) were prepared having very little radioactive contamination (ionization due to the /^-particles of uranium X initially only 0-2 and 6-0 % of the total) and * The initial difference in nuclear spin, as betw een A 0 and A v cannot be expected to be greatly reduced by th e two " m ost p ro b a b le" (similar) particle disintegrations which are being considered.
t Thus we have supposed, th roughout, th a t tran sitio n to the ground state, B 0, was th e m ost probable m ode of particle disintegration w ith one isomer or the other. This need not necessarily be th e case. the absorption of the /2-particles up to 0-65 g./cm.2 of aluminium and of the y-rays up to 12-5 g./cm.2 of lead was studied by means of a gold-leaf electroscope. It was concluded, in agreement with the earliest observations of Hahn (1921) , that the /2-radiation was complex, that is that it could not be described in terms of a single exponential absorption coefficient, and that the y-radiation could be so described (by means of a mass absorption coefficient of 0-097 cm.2/g. in lead). It was suggested that resolution of the /2-radiation into two components for which = 64 and 19-6 cm.2/g. might be a satisfactory interpretation of the results-if, with an uncovered source, the soft component contributed about four times as much ionization as the harder. Beyond 0-33 g./cm.2 absorber thickness (of aluminium) no appreciable /2-particle effect was recorded. No estimate of the intensity of the y-radiation (in quanta per disintegration) was made.
Our experiments were carried out with the uranium Z obtained from about 2 kg. uranium element, absorption measurements with a tube counter (see Feather 1938) being made with eleven sources prepared by the method of Guy and Russell (1923) .* In preparing ten of these sources potassium tantalate equivalent to 20 mg. tantalic oxide was used for the precipitation; for the eleventh the equivalent of 200 mg. of oxide was employed. In each case the final precipitate was obtained on a filter paper 1-8 cm. in diameter. Two fusions with potassium hydrogen sulphate usually reduced the uranium X contamination to about 2 % initially (i.e. initially about 2 % of the /2-particles emitted by the source were /2-particles from uranium X2) particularly if a few milligrams of thorium sulphate was added to the melt to assist in this reduction.f After preparation each source was placed in a cavity in a small wooden block of a standard design and covered with a thin foil of mica. Absorption measurements with aluminium were carried out up to a limiting thickness of 1-23 g./cm.2 and with lead to a thickness of 9-7 g./cm.2. The absorption of the y-rays in a block of tungsten of 13-9 g./cm.2 was also investigated. For the purpose of correction for contamination a complete absorption curve for a source of uranium (Xx + X2), with uranium Z in equilibrium, was separately deter mined!-and half-value periods of 6-7 hr. (for uranium Z) and 24-5d. (for uranium Xx) were assumed. In the case of each observation corrections were first made for the finite resolving time of the recording system and the natural effect of the counter (see Feather 1938) . Afterwards the uranium Z activity through each thickness of absorber was obtained by subtraction and, in the ^-particle experiment, was then expressed in terms of the activity through a standard absorber of total thickness* 0-255 g./cm.2. Fig. 1 showrs the relative activities obtained in this way for absorber thicknesses greater than 0-16 g./cm.2; the complete absorption curve for all thicknesses being given (logarithmically) by curve A, fig. 2 of probable error based upon the numbers of particles counted. For comparison with the results of Walling certain deductions from the curves may be stated at once, leaving until later ( § 6) a more systematic discussion of all the data. Firstly, the /2-particle effect is appreciable at least up to 0-5 g./cm.2 of aluminium, although it is certainly quite small beyond 0-3 g./cm.2. Secondly, the crude mass absorption coefficient for the y-rays * Allowance having been m ade for th e m ica over th e source and closing th e counter an d for th e air included betw een source and counter. In th e y -ray experim ent activities were expressed in term s of th e activ ity through 1-934 g./cm .2 of lead, as stan d ard . in lead is 0*077 + 0*006 cm.2/g., which is considerably less than Walling's value. The crude coefficient for absorption in tungsten, as calculated from the experiments with the single tungsten absorber assuming exponential absorption, is 0*073 ± 0*002 cm.2/g. This is entirely consistent with the other result-and, since it will later be shown that these crude coefficients approximate fairly closely to the true values, it appears that the y-radiation from uranium Z, as well as the /7-radiation, is in fact somewhat more penetrating than was'previously supposed.
The branching ratio
Previous estimates of the branching ratio-th at is, the ratio of the probability th at an atom of uranium X2 will disintegrate giving rise to an atom of uranium X2 to the probability th at the disintegration product will instead be an atom of uranium Z-have admittedly been very indirect. Being based upon ionization measurements with relatively weak sources they have been greatly complicated by the considerable difference in penetrating power as between the radiations which were being compared. Direct counting of particles is the only reliable method in such circum stances. For that reason a separate experiment was carried out to determine the branching ratio directly in this way. Three problems were involved: to make sure th at the chemical processes employed resulted in the quantitative separation of uranium Z, to correct for the " self-absorption " of the /7-particles in the material of the source and, for the comparative measurements, to prepare sources of uranium (Xj + Xg) representing accurately known fractions of the total amount used.
In respect of the first problem, since the precipitation of uranium Z with ten times the usual amount of tantalic acid (cf. p. 536) did not result in the preparation of a source which was any stronger than usual (comparison was made using the y-radiation, in order to minimize differences due to self-absorption) it was concluded that the standard procedure (using 20 mg. Ta20 5) was quantitatively effective.
The standard procedure was, however, modified slightly in order ,to reduce and make definite the self-absorption of the /7-particles of uranium Z in the material of the source. For the main experiments described in the last section the active material had always been prepared as a dried precipitate on a small filter paper, now the final precipitate and filter paper were ignited (with the addition of a few drops of strong nitric acid) and the residue finely powdered and spread uniformly on a circle of smooth white paper inserted in the cavity of a wooden source holder in the usual way. The superficial density of this deposit was very closely 10 mg./cm.2. Fig. 4 gives the results of absorption measurements upon two such sources using thin aluminium foils. With sufficient accuracy a single mass absorption coefficient of 24-7 cm.2/g. may be used in describing the results.* If this coefficient also applies to absorption in the material of the source, calcula-Thickness of absorber F ig . 4 tion showsf that a correction factor of 1*13 is required to take count of self-absorption. Also, inspection of the figure indicates that a factor of 1-38 is necessary to correct for absorption in the standard thickness of 12*8 mg./cm.2 of mica and air through which the comparison measurements * The initial slope of curve A , fig. 2 , corresponds to (/V/?)A1 = 35-0, the m ean slope over th e first 0-050 g./cm .2 absorption to 30-2 cm .2/g. These values are both greater th a n th a t deduced from fig. 4 because th e la tte r includes the y-ray effect which has been su b tracted in fig. 2. f F o r a uniform deposit of active m aterial of thickness d the correction factor is jud(l -erP*)-1. Uranium Z and the problem of nuclear isom 541 were made.* Thus a factor of 1-13 x T38, or 1-56, was applied to the direct determinations of activity through the standard absorber. The preparation of sources of uranium (Xx + X2) for comparison measure ments was carried out after division of the original uranium Xj-iron solution into two fractions, A and B, in the ratio 1:19. The larger fraction (B) was put aside for subsequent separations of uranium Z, the smaller was made up to 250 c.c. and used 1 c.c. at a time. At any time such a sample (1 c.c.) contained, therefore, 1/4750 of the uranium Xx which remained in the larger fraction. To any such sample about \ mg. thorium (as nitrate) and 5 mg. iron (as chloride) were added and a precipitate obtained with ammonia. This precipitate was dried and its activity measured in the usual way. The uranium Z was separated from the larger fraction, by the method already described, at a time when it had grown completely to its equilibrium amount. Corrected to this time of separation (and also for absorption, using the data given above) relative activities were found to be as follows: uranium X2 (from 1 c.c. of A)\ uranium Z (from B) -449 : 3200. Thus the branching ratio is 449 x 4750 : 3200, or 666 : 1. Taking count of statistical errors (not greater than 3%), of the possibility of chemical losses with such small amounts of material, and of any differential effects due to /^-particle reflexion (backwards scattering) in the material of the source support, we may write for this ratio 665 + 65:1, as a final figure. An independent estimate based upon a comparison of the y-ray effects (see § 5) of the uranium Z and of the uranium (Xx + X2) with which it was in equilibrium gave 580 + 100 : 1, in good agreement with the above. When these values are compared with the earlier estimates (350 : 1) based upon ionization measurements, the difference is in the direction to be expected; the softer radiations are given greater weight when ionization methods are employed.
The effective quantum energy and the intensity OF THE y-R A Y S
A rough estimate of the intensity of the y-rays of uranium Z was obtained by comparing the activities of the source, as measured by the counter, first when just sufficient absorbing material was used so that the /?-particle effect was completely cut out and, secondly, when no absorber was employed (and correction was made for the self-absorption of the ^-particles * Through th is thickness of m aterial th e ^-particles of uranium X j do no t con trib u te appreciably to th e ac tiv ity of a source of uranium (X x + X 2) ; for th e /?-particles of u ranium X 2 a 4 % correction for absorption has to be applied. in the material of the source)-and then determining the ratio of the corresponding activities, Iyjl^+y, for another radioactive substance, con cerning which some information regarding y-ray intensities was available.* Since the success of the comparison depends to a great extent upon the use of a standard substance which emits y-rays of roughly the same quantum energy as those of the element under investigation, mesothorium 2 was chosen as standard, in spite of the fact that our knowledge of the intensities of the y-rays from mesothorium 2 is less complete than that concerning radium C or thorium C".
First, in order to know more exactly the effective quantum energies of the radiations to be compared, the absorption coefficient for the y-rays from a preparation of mesothorium 2f was determined under the same conditions as obtained in the main experiment described in § 3. The activity of the source was measured through 0-983 g./cm.2 of aluminium, to cut out the /^-particle effect, and then after the addition of 1-934 g./cm.2 of lead and 13-9 g./cm.2 of tungsten, successively. Assuming exponential absorp tion, the following mass absorption coefficients were deduced:
(/iIp)Pb = 0-063 ± 0-009 cm.2/g .; w = 0*061 + 0-001 cm.2/g.
The first of these values is necessarily only rough, however, the more accurate result obtained with the thicker tungsten absorber may be taken to indicate a mass absorption coefficient of 0-065 cm.2/g. in lead. Now the accepted value for this coefficient for the strongly filtered radiation is 0-057 cm.2/g. (Bothe 1924) and the effective value, over the range of absorber thickness here employed, about 0-073 cm.2/g. Thus crude mass absorption coefficients of this order are, with our arrangement, some 0-008 cm.2/g. lessj than the true coefficients, and we obtain a true co efficient of 0-087 ± 0-005 cm.2/g. in lead as best representing all the measurements on the y-rays of uranium Z described in § 3. Corresponding to this value the effective quantum energy is 0-70 ± 0*05 x 106 e-volts. This must be compared with the known quantum energies 1-65, 1-61, 0-97, 0-915, 0-462 ... x 106 e-volts in the y-ray spectrum of mesothorium 2. Fig. 5 shows roughly how the efficiency of our counter system depends * This m ethod has recently been used by Ellis and H enderson (1935) f°r the annihilation ra d iatio n of radiophosphorus (P 30) and by Devons an d N eary (1937) for th e y-rays of R aC ".
f This source was prepared from th e m aterial and by th e m ethod described by F eath er (1938) . J T h a t is, th e correction for scattering back into the counter is greater th a n the correction for obliquity in passing through th e absorber, under the relatively poor geom etrical conditions of th e experim ent. upon the quantum energy of the radiation under investigation.* On the arbitrary scale of this figure the activity to be expected, on the basis of 0-2 quantum per disintegration of mean quantum energy 1*63 x 106 e-volts and 0-3 quantum per disintegration of 0-94 x 106 e-volts energy, is 0*277, per millicurie of mesothorium 2.f Similarly, for 1 quantum per disintegra tion of uranium Z, of mean quantum energy 0*70 + 0*05 x 106 e-volts, an F ig . 5 * This curve, which refers only to th e electrons liberated in th e C om pton scatterin g process, has been o b tain ed by extending th e calculations of R ichardson an d K urie (1936) for th e case of an " infinitely th ic k " scattering foil. W ith these au th o rs we have considered ju s t those electrons projected w ithin 10° of th e direction of incidence of th e scattered q u a n tu m -an d we have m ade th e reasonable assum ption th a t, w ith our thin-w indow ed counter, it is chiefly th e electrons so projected from th e upper layers of th e absorbing foils w hich are counted w hen th e direct /^-particle effect is cut off. T h a t fig. 5 is also fairly well representative of a large num ber of experim ents w ith thin-w indow ed counters of different types is suggested by th e fact th a t, w hereas Ellis an d H enderson (1935) obtained 10 : 1 for th e ratio of th e y -ray effects (per millicurie) of th o riu m C" an d radiophosphorus, our curve gives 9 : 1-on th e assum ption th a t only th e annihilation rad iatio n is in question w ith P 30.
t This suggestion regarding th e spectral distrib u tio n of th e y-ray energy of m esothorium 2 is based on th e assum ption th a t ab o u t 80 % of the to ta l energy given by th e heating effect (R utherford, Chadwick a n d Ellis 1930, p. 500) is em itted as q u an ta of th e four highest q u an tu m energies given above. activity of 0-21 ± 0-03 per millicurie is to be expected. The direct experi mental result with our counter, by the method described at the beginning of this section, was For mesothorium 2 :
For uranium Z : lyflp+y = 1 • 28-8 ± 2-0.
Thus the number of quanta per disintegration of uranium Z is given by 3T7 0277 2^ x q721 , or 1-50 + 0-25, after estimation of the probable error.* Again we may sum up, by saying that the y-radiation from uranium Z has, with our arrangement, an effective quantum energy of about 0-70 x 106 e-volts and an intensity quite definitely greater than one quantum per atom disintegrating. This is an important result which will be referred to again in the discussion.
D iscussion
With the experimental facts established, two main topics for discussion may be distinguished; they are concerned with the mode (or modes) of formation and with the modes of disintegration of the nucleus 91UZ234. We shall begin, however, with a short statement of the present position regarding the " Sargent diagram" , since the discussion of each topic will involve this-and we have already required it (cf. p. 533).
As is well known, the empirical relation between disintegration constant and maximum /^-particle energy, first pointed out by Sargent (1933) , was a relation between total disintegration constant and energy. However, we now know th at alternative disintegration modes frequently occur, and partial disintegration constants and the corresponding disintegration energies should therefore be employed (cf. Gamow 1937, p. 152) . Fig. 6 is an attem pt to construct a Sargent diagram using such data in a more systematic manner than has hitherto been done. The partial disintegration constant (in sec.-1) and the disintegration energy (in electron volts) corre sponding to the most probable mode of disintegration for eachf of the /?-active bodies of the three series has been used, and an indication has been given, by means of the closed curves $ surrounding the points on the * These lim its of error do n o t ta k e count of inaccuracies in th e assum ed relative intensities of th e y-rays of m esothorium 2.
J E x cep t AcC an d MsThx, for which no d a ta are available. f The open curves labelled (RaD ) and (ThC") refer to the unobserved transitions to th e ground states of th e product nuclei in th e two cases indicated.
figure, of the probable degree of uncertainty attaching to these data.* It will be seen that two smooth curves can be drawn reasonably well amongst the points.f These, according to current terminology, are the curves for " allowed" and " once forbidden" transitions-and we shall attribute nuclear spin changes of 0 or 1 and 2 quantum units, respectively, to these transitions (Gamow and Teller 1936) . Points corresponding to less probable modes of disintegration are not included in fig. 6 because in general greater uncertainty attaches to them; usually, however, they lie effectively on, or sometimes between, the curves. J F ig . 6 * The u n ce rtain ty curves assum e different shapes in different cases, and do n o t lie sym m etrically around th e " a c cep ted " points, because of th e fact th a t in th e absence of fu rth er knowledge to ta l disintegration constants have som etim es been used when altern ativ e m odes possibly occur, and because all m easurem ents w ith weak sources-and absorption m easurem ents in p artic u la r-are liable to lead to an underestim ate of th e m axim um /?-particle energy. f E xcept th e p o int for AcB. However, some doubt concerning th e /?-particle energy still rem ains (Lecoin 1936) .
f This-and some of the more considerable of th e discrepancies indicated on the figure-does suggest th a t th e assum ption of two distinct curves m ay be an over simplification of th e m atter.
Returning then to a consideration of the radiations from uranium Z, we have already noted ( § 3) that at least 0-5 g./cm.2 of aluminium is required to absorb the ^-particles completely. We conclude (cf. Feather 1930) that the maximum energy of the particles is not less than 1-16 x 106 e-volts. Coupling this value of the energy with the total disintegration constant (2-9 x 10-5 sec.-1), a point is obtained which on fig. 6 falls almost exactly midway between the curves. The suggestion is that if 1-16 x 106 e-volts is in fact the particle energy corresponding to any mode of disintegration of uranium Z, then certainly it is not the most probable mode. Strong confirmation of this general conclusion is afforded by a further consideration of the logarithmic /?-particle absorption curve of fig. 2 . It is quite different in form from those referring to the /7-particles of uranium X2 (curve B) and radium E (curve C), which were also determined. Moreover, since radium E undergoes a " once forbidden" transformation, whereas the disintegration of uranium X2 is " allowed", the results indicate that these differences cannot be due to differences in the type of disintegration involved. Clearly, the /7-radiation from uranium Z must be made up of at least two com ponents with widely different (maximum) energies. An attempt was therefore made to reconstruct curve A on the assumption of two components each absorbed according to the simple absorption law represented by curve C. The first result to be deduced as the attem pt proceeded was that no reconstruction on the basis of any number of components was possible, so long as the most energetic component was assigned the maximum energy of 1*16 x 106 e-volts obtained directly from the absorption curve. The best two-component representation finally devised was that of curve a, fig. 2 . The components assumed in this case were as follows:
Soft component: absorption limit, 0-20 g./cm.2; intensity, 0-944.
Hard component: absorption limit, 0-70 g./cm.2; intensity, 0-056.
The corresponding maximum /?-particle energies are 0-56 and 1-55 xlO6 e-volts, respectively. Although the indications are that a better fit still would be obtained on a three-component representation (two soft com ponents and one hard), we shall assume the above analysis as a working hypothesis in the remaining discussions. One result is that the repre sentative points on the Sargent diagram (marked 1 and 2 on fig. 6 ) now fall much more nearly on the " allowed" and " once forbidden" curves, respectively. We have, therefore, some indication of the spin changes in the assumed alternative modes of disintegration-but we should also notice an apparent difficulty. Whilst the difference between the maximum /?-particle energies (0-99 x 106 e-volts) is considerably greater than the effective quantum energy of the y-radiation (0-70 x 106 e-volts) deduced in § 5, it is not great enough to allow of two successive transitions (and thus nearly two quanta of y-radiation per disintegration) having this mean energy. However, we shall leave this immediate problem unsolved for the present and turn to a discussion of the modes of formation of uranium Z from uranium Xj. Basing our discussion on v. Weizsacker's hypothesis of metastable states of low energy, we shall regard that scheme as intrinsically the most likely which, in order to explain the facts, requires us to postulate the metastable state of shortest (y-ray) life./ In this connexion there are, broadly speaking, three possibilities: UZ may be the metastable state of the nucleus (UX2-UZ), in which case it must be formed from UXx directly in a rare mode of /?-disintegration, or UX2 may be the metastable state produced in a direct transition from UXx-and UZ be produced either directly from UX1? also, or from UX2 by a (strongly forbidden) y-transition competing with the much more probable ^-dis integration 4 An asterisk denoting a metastable nucleus (of positive energy e), these three possibilities are represented formally by the schemes 
J>uz
According to (a) the lifetime of the metastable state for y-emission is determined by the amount of ^-radiation with the characteristics of the /?-radiation from uranium X2 found in the general particle radiation from uranium Z. If a fraction / of this radiation is observed to be of the same quality as that from uranium X2, then, approximately, = where and Ty are the /?-and y-ray lifetimes of the metastable nucleus UZ. Experimentally (from that part of the absorption curve of fig. 1 beyond 0*5 g./cm.2 absorber thickness), f>fo and r y < 50 x 6*7 hr. or r y < 335 hr.
f In this w ay we are choosing th e scheme which involves th e sm allest changes of nuclear spin. J Or bo th these modes of form ation of uranium Z m ay contribute together.
(Ay > 5-9 x 10~7 sec.-1). As regards (6) and (c), clearly (6) requires a longer y-ray lifetime for UX2* than does (c); according to what has already been said, therefore, we shall discuss only (c). Here the y-ray lifetime is 665 x r (UX2), i.e. 665 x 1-14 min., or 12-6 hr. (Ay = 1-6 x 10~5 sec.-1). From these numerical considerations it appears, then, that (c) is intrinsically the scheme most likely to be valid in actual fact-and this conclusion is strengthened by evidence from another direction also. For we observe that on the basis of either alternative, (a) or (6), when the branching ratio is merely the ratio of two /^-particle transition probabilities, an " allowed" and a " once forbidden" transition would suffice to explain the branching ratio as determined (665 : 1), whatever reasonable value were assigned to e. W hat would not be explained, however, would be the very fundamental fact of metastability, since on this basis a difference of spin of 2 units between the two nuclei, UX2 and UZ, would be the most that could be allowed.
By arguments similar to those already used, we might next treat the problems concerned with the disintegration of uranium Z and uranium X2, which have been left over, on the basis of v. Weizsacker's hypothesis. But the details are tedious and in some respects the possibilities are many. We shall omit them, therefore, in favour of a final scheme-and we shall content ourselves with pointing out the difficulties which it resolves rather than explaining at length why it appears to us to resolve these difficulties in a more satisfactory manner than is otherwise possible. Our final scheme is as given in fig. 7 . Spin quantum numbers are shown on the left and energies (in millions of electron volts, with respect to the ground state of Ujj) on the right of the energy levels in this diagram, and each transition is also labelled so as to show its type (whether /? or y), its relative probability when it competes with any other transition (upper figure) and its energy (lower figure) . Moreover, the vertical energy scale of the diagram is, for sake of convenience, different above and below the horizontal line AA'.
As regards the difficulties resolved, first there is the question of the effective quantum energy and the intensity of the y-rays of uranium Z. Fig. 7 predicts 1 quantum per disintegration of quantum energy (0-79 -e) x 106 e-volts* and 0-944 quantum per disintegration of energy 0-99 x 106 e-volts. This is not, as it stands, completely consistent with the direct results of § 5, but it is evident that to accept a three-component analysis of the /7-radiation of uranium Z (p. 546) and a consequent doubling of the level at (1-78 -e)x 106 e-volts would improve the agreement. An * In fig. 7 , and in w hat follows, th e positive energy of th e m etastable nuclear sta te is tak en as ex 10® e-volts.
investigation of the y-rays of uranium Z by the method of coincidences is being undertaken in the hope of obtaining a critical test of this feature of our scheme. Meanwhile it may be pointed out that if the spin quantum number of the highest excited state of Un is in fact 3 or 4, as shown in fig. 7 , then the non-occurrence of the direct radiative transition to the Uranium Z and the problem of nuclear isom 09, rozo°0 ground state is just what would be expected. Our second important question concerns the absence of y-radiation from uranium X2, in spite of the fact that the disintegration energy (2-34 x 106 e-volts) is sufficient for excitation of the product nucleus Un in either of the levels shown in fig. 7 . This point may be settled at once: the assignment of spin quantum numbers, which has been made in such a way that each of the /^-transitions shown is of the type which in fact it is known to be, makes the transitions from UX2 to the two excited levels of Un once and twice forbidden, respectively. Even the more probable of these transitions, therefore, cannot possess more than one-thousandth of the probability of the transition to the ground state, which is known to occur. Finally, we may mention the difficulty (of long standing) concerning the quantum radiation of 0-092 x 106 e-volts energy, usually assigned to uranium Xj (Meitner 1923; Hahn and Meitner 1923) . We have made a very rough estimate of an upper limit to the intensity of this radiation from various published absorption measurements (and in particular from the data of Richardson (1914)), together with our own value for the total y-ray activity per millicurie of a source of uranium (Xj + Xg). Our estimate is 0-01 quantum per dis integration. Now a radiation of this small intensity might quite possibly follow a once forbidden transition of UX^ and this we have shown tenta tively in the figure without attaching great weight to our suggestion. In any case, unless this rare mode of disintegration is in any way involved in the formation of uranium Z (a possibility which we have so far completely disregarded) it is not of any real importance to our main theme.
[Note added in proof, 8 March 1938 . Coincidence experiments on the y-radiation of uranium Z, carried out in collaboration with Mr J. V. Dunworth, have shown that two y-ray quanta are emitted " simultaneously" in a large fraction of the disintegrations, as postulated by the level scheme of fig. 7 . A full account of these experiments will be published shortly.]
Summary
The radiations from uranium Z have been examined by the absorption method using a tube counter. The effective quantum energy of the yradiation is 0-70 + 0-05 x 106 e-volts and the intensity 1-50 + 0-25 quanta per disintegration. An analysis of the /^-radiation into continuous spectra with limiting energies 0-56 and 1-55 x 106 e-volts, and intensities in the ratio 17 : 1, is suggested, though it is pointed out that the component of lower energy is probably itself complex. The uranium X2-uranium Z branching ratio has been determined as 665 ± 65 : 1.
On the basis of these results the isomerism of the nuclei UX2 and UZ is discussed in the light of v. Weizsacker's hypothesis and a level scheme is put forward which appears to account for all the facts. Reasons are given in support of the conclusion that uranium Z is formed from uranium X2 in a /?-y branching, rather than from uranium Xl5 directly, in a transformation.
